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Abstract In this study we examined hormonal responses
of Black-legged Kittiwake (Rissa tridactyla) chicks to
experimental variations in energy content and nutri-
tional quality (low or high lipid to protein ratio, LPR) of
their food. Starting at the age of 10 days, chicks were fed
either high or low LPR ®sh at 30, 50, 70 and 100% of ad
libitum energy intake. After 20 days of treatment, chicks
were exposed to a standardized acute handling and re-
straint stress protocol, where a baseline sample was ta-
ken immediately after taking a chick from the nest, and
three additional blood samples were taken at intervals
up to 50 min. Testosterone and corticosterone titres in
plasma were measured via radioimmunoassay. We found
that baseline testosterone levels were not signi®cantly
a�ected by the experimental treatments. Food-restricted
chicks had elevated baseline and acute stress-induced
levels of corticosterone compared to chicks fed ad libi-
tum. An elevation of circulating levels of corticosterone
in energetically stressed individuals was further magni-
®ed by low nutritional quality of food. Baseline and
acute stress-induced corticosterone levels of chicks were
negatively correlated with their fat reserves. We con-
clude that the physiological condition of Black-legged
Kittiwake chicks can be assessed reliably by measuring
circulating levels of corticosterone. We discuss short-
and long-term e�ects of elevated corticosterone secretion
in food-stressed nest-bound chicks.
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Abbreviation LPR lipid to protein ratio

Introduction

Seabirds feed their young with food that varies in its
abundance and nutritional quality (Hislop et al. 1991;
Hunt et al. 1996a, b; Van Pelt et al. 1997). Furthermore,
when parents have a choice, they provision their young
with the most energy-rich food [usually due to a high
lipid to protein ratio (LPR)] and feed themselves on
lower quality food (Bradstreet and Brown 1985; Swihart
and Johnson 1986; Piatt 1987; Vermeer et al. 1987). The
major factors shaping the decision of birds to provision
their young with energy-rich food are thought to be
short- and long-term costs and bene®ts to foraging
parents (e.g., Orians and Pearson 1979; Cuthill and
Kacelnik 1990). As a short-term bene®t, feeding young
with energy-rich food maximizes energy delivery per unit
of energy spent by parents during foraging (Waite and
Ydenberg 1996). As a long-term bene®t, the enhanced
physiological condition of young reared on energy-rich
food might facilitate future survival of those young,
thereby increasing reproductive ®tness of a `prudent'
parent (Clutton-Brock 1991; Wright et al. 1998). Thus,
the sensitivity of chicks to the content of exogenous
nutrients can be an important factor in¯uencing parental
decisions to feed their young energy-rich food. The
functional relationship between the quality of food and
the physiological condition of young birds is not well
studied (Boag 1987; Johnston 1993). In this paper, we
examine whether variations in energy consumption or
nutritional quality of food (LPR) a�ects the physiolog-
ical condition of growing seabird chicks.

The physiological condition of seabird chicks is dif-
®cult to assess because they may retard growth processes
and decrease metabolic rates in response to dietary re-
strictions. As a result, they still may ¯edge successfully
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despite severe food shortages during their development
(Cherel et al. 1988; Kitaysky 1996; hyan and Anker-
Nilssen 1996). Controlled experiments have shown that
food-related retardation of growth can account for the
lower body mass and smaller body size of the young at
¯edging when compared to the young raised on ad li-
bitum nutritional regimes (Boag 1987; Kitaysky 1996).
However, growth rates and body mass of young seabirds
at ¯edging are not reliable predictors of their post-
¯edging survival (Lloyd 1979; Hedrgren 1981; Harris
and Rothery 1985). These traditional methods of as-
sessing physiological condition of chicks provide little
insight into the consequences.

The physiological condition of birds can also be
measured using well-characterized responses of adreno-
cortical hormones to stress (Wing®eld et al. 1997a).
Food-related stress is usually associated with depleted
fat reserves and elevated levels of corticosterone in the
circulation of a�ected animals (Axelrod and Reisine
1984; Cherel et al. 1988, 1992; Wing®eld 1994). Elevated
plasma corticosterone levels can change metabolic
pathways so that nutritionally stressed individuals rely
on catabolism of proteins to fuel their activities (Axelrod
and Reisine 1984; Cherel et al. 1992). In addition, the
pattern and extent of corticosterone secretion following
the application of a standardized stressor such as cap-
ture, handling and restraint, can also indicate the po-
tential for stress e�ects (Wing®eld 1994).

The relationship between acute stress-induced levels
of corticosterone and amounts of endogenous energy
resources in nest-bound chicks is not well known. If this
relationship is similar to those observed in adults and
young independent birds, nest-bound chicks with large
fat reserves should have lower baseline levels of co-
rticosterone and recover from induced stress back to the
baseline faster compared to nutritionally-stressed chicks
with depleted fat reserves (Wing®eld 1994; Heath and
Dufty 1998; but see Romero et al. 1998).

In this study we examined the relationships among
energy intake, diet quality, body composition and
standardized acute stress-response (sensu Wing®eld
et al. 1992) in captive Black-legged Kittiwake (Rissa
tridactyla) chicks. The e�ects of energy intake and diet
quality on accumulation of fat reserves, growth and
development of Black-legged Kittiwake chicks are

addressed elsewhere by Romano et al. (personal obser-
vations). They found that food-restricted chicks grew
at slower rates and accumulated smaller fat reserves
compared to chicks fed ad libitum. The major goals of
this study were: (1) to test whether the quality or energy
content of diet are important in determining the physi-
ological condition of growing chicks, as re¯ected in their
baseline and acute stress-induced levels of corticoster-
one, and (2) to examine whether the quantities and
composition of endogenous energy reserves a�ect a
chick's adrenocortical stress-response. For comparison
with a natural system, we also measured adrenocortical
response of wild Black-legged Kittiwake chicks exposed
to a standardized stressor.

In Black-legged Kittiwakes, a cli�-nesting gull with
a maximum brood of three, a hungry chick can im-
prove its chances of survival by begging for food from
parents and by eliminating nest-mates (Braun and Hunt
1983). In nest-bound chicks begging and aggressive
behaviors might be facilitated by increased concentra-
tion of testosterone (Schwabl 1996a). Thus, we also
examined plasma levels of testosterone in captive and
wild chicks.

Materials and methods

One-week-old free-living Black-legged Kittiwake chicks were taken
from their nests, kept in captivity in individual nest boxes, and fed a
mixture of forage ®sh given ad libitum until the experiment. Food
was provided in small dishes placed on the bottom of nest boxes.
Starting at the age of 10 days post-hatch, either low quality ®sh,
Walleye Pollock, Theragra chalcogramma (LPR = 0.299), high
quality Paci®c Herring, Clupea harengus (LPR = 1.47), or Paci®c
Sandlance, Ammodytes hexapterus (LPR = 0.813), were fed to
chicks for 20 days (Table 1). The energy content of forage ®sh was
determined via proximate analyses of whole ®sh (see a description
of the method below). In 1996, chicks received either 227 kJ day)1

of sandlance, 528 kJ day)1 of sandlance, or 373 kJ day)1 of pol-
lock. In 1997, the dietary treatments were: (1) in two treatments
chicks received 373 kJ day)1 of either pollock or herring, and (2) in
two treatments chicks received 717 kJ day)1 of either pollock or
herring. The total amount of food given to the chicks was 100 g
(wet mass) day)1 for all treatments except for 227 kJ day)1

of sandlance (43 g day)1), 373 kJ day)1 of herring (52 g day)1),
and 717 kJ day)1 of pollock (192 g day)1). Daily energy intake of
Black-legged Kittiwake chicks fed ad libitum was previously mea-
sured at 720 � 29.3 kJ day)1, n = 5 (Kitaysky and Belogubova
1988). Therefore, in this study chick energy intake was reduced to

Table 1 Experimental protocols and body mass attained by chicks at the end of the experiment (M. Romano, D.D. Roby, J.F. Piatt,
personal observation). (LPR lipid to protein ratio)

Diet composition LPR Thiamine Food intake
(wet, g day)1)

Energy intake
(kJ day)1)

Body mass (wet, g)

mean SE n

Sandlance, captives 0.813 no 43 227 194.6 2.76 7
Sandlance, captives 0.813 no 100 528 363.4 4.34 7
Sandlance, wild 0.813 no 100 545 362.3 5.81 8
Pollock 0.299 no 100 373 258.9 4.47 7
Pollock 0.299 yes 100 373 261.3 2.36 6
Pollock 0.299 yes 192 717 394.3 7.02 6
Herring 1.470 yes 52 373 290.4 4.52 5
Herring 1.470 yes 100 717 408.2 13.3 6
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30, 50, 70 and 100% of the ad libitum ration. Because we used pre-
frozen ®sh, in 1997 all chicks received a daily supplement of one-
half of a Seatabs vitamin (Paci®c Research Labs) in their food,
which included 50 mg of thiamine. To control for possible e�ects of
captivity on the stress-response of the experimental birds, free-liv-
ing kittiwake chicks (alpha-chicks from broods of two that were
similar to the experimental birds' ages) were exposed to handling
stress, and blood samples were taken as described below. The diet
of the wild chicks consisted of mostly sandlance (J.F. Piatt personal
observation). Daily energy intake, based on wild chick diet com-
position and their growth rates, was estimated at 545 kJ day)1 (J.F.
Piatt personal observation).

A blood sample of undisturbed post-absorptive (after 6±7 h of
overnight fast) chicks (at age 7±10 days) was taken at the beginning
of the experiment. At the end of the experiment (at age 29±
31 days), post-absorptive chicks were exposed to a standardized
acute handling and restraint stress protocol, where the ®rst blood
sample (baseline) was taken immediately after taking a chick from
the nest, and three additional blood samples (acute stress response)
were taken at intervals up to 50 min after capture. Blood samples
were collected by puncturing the alar vein and collecting blood in
100-ll heparinized hematocrit tubes. All captive (except one indi-
vidual fed at 717 kJ day)1 of herring for which only a baseline
sample was collected) and wild chicks were bled between
1000 hours and 1400 hours according to the following standard-
ized technique. A ®rst sample was collected immediately after
taking a chick from the nest; further samples were taken at 10, 30
and 50 min. The ®rst blood samples provided baseline levels of
steroids. After each sample, blood ¯ow was stopped by the appli-
cation of cotton, and birds were placed individually into opened
plastic buckets. After blood collection, hematocrit tubes were
emptied into 0.5-ml vials, which were stored on ice (in the ®eld) or
in a refrigerator at 4 °C (in the laboratory). Blood samples were
centrifuged and plasma collected within 12 h.

Plasma samples were frozen at )20 °C and transported to J.C.
Wing®eld's laboratory at the University of Washington for radio-
immunoassay analyses (for details see Wing®eld and Farner 1975;
Wing®eld et al. 1992). The concentrations of steroids in plasma
samples were measured from 20 ll plasma for corticosterone and
200 ll plasma for testosterone analyses. To determine the plasma
concentrations of testosterone, we used only baseline samples of
plasma. Steroid concentrations were measured in duplicate for each
sample after extraction in 4 ml dichloromethane. Recovery values
(ranging from 80% to 90%) following extraction were used to
adjust assayed concentrations of steroids. Intra- and inter-assay
coe�cients of variation were 8% and 11%, respectively.

At age 31 days post-hatch, the experimental birds were anes-
thetized with di-ethyl ether and killed via cervical dislocation.
Carcasses were frozen at )20 °C until they were transported to the
D.D. Roby's laboratory at the University of Oregon, Corvallis,
where proximate analyses of the whole body were conducted
(M. Romano, D.D. Roby and J.F. Fiatt, personal observation).
Moisture content was determined by air-drying plucked carcasses
to a constant mass at 60 °C in a forced convection oven. Total body
lipids were determined by the extraction of aliquots of dried
homogenate in a Soxhlet apparatus with petroleum ether as a
solvent. We used total body lipids as a measure of endogenous
energy reserves (assuming energy equivalent of lipids at 39.4 kJ g)1;
Schmidt-Nielsen 1991). We used dry lean body mass as a measure
of the accumulation of body tissues during the experiment.

Statistical analyses

The e�ects of the experimental treatments, daily energy intake,
quality of the food, thiamine supplement, and e�ects of captivity
on baseline levels of steroids were examined with independent
samples tests (followed by planned comparison Post Hoc tests),
where experimental treatments were used as a factor. The e�ects of
the experimental treatments, daily energy intake, thiamine supple-
ment and captivity on acute stress-induced levels of corticosterone
were examined with repeated-measures ANOVA, where experi-
mental treatments were used as factors and samples obtained from

the same chick during the acute stress protocol as repeated mea-
sures. The e�ects of chicks' body lipids and lean dry body mass on
baseline levels of corticosterone and stress response to handling
(expressed as a maximal level of corticosterone achieved during
50 min of restraint) were examined by using stepwise multiple re-
gression analyses.

During statistical analyses, initial data were tested for as-
sumptions required by parametric statistical tests according to
Sokal and Rohlf (1981). If these data violated assumptions they
were log10-transformed and examined again. All computations
were performed by using SYSTAT statistical package (Wilkinson
1992). Statistical signi®cance was assumed at P < 0.05.

Results

E�ects of food-stress on baseline levels of the steroids

Baseline levels of corticosterone were not signi®cantly
di�erent among the treatments prior to the experiment
(F6,38 = 0.121, P = 0.993; Fig. 1). The experimental
treatments had a highly signi®cant e�ect on baseline
levels of corticosterone (F6,38 = 8.551, P < 0.001;
Fig. 1).

Baseline levels of corticosterone were signi®cantly
elevated among the captive chicks fed 227 kJ day)1 of
sandlance compared to those of chicks fed 528 kJ day)1

of sandlance (t13 = 2.58, P = 0.023; Fig. 1). Baseline
levels of corticosterone were not signi®cantly di�erent
among the captive chicks fed 528 kJ day)1 of sandlance
and among the wild chicks fed ca. 545 kJ day)1 of
sandlance (t14 = 0.28, P = 0.787; Fig. 1).

Baseline levels of corticosterone were signi®cantly
elevated among the captive chicks fed 373 kJ day)1 of
pollock or herring compared to those of the chicks fed
717 kJ day)1 of pollock or herring (F1,19 = 27.83,
P < 0.001). Baseline levels of corticosterone also de-
pended on the type of prey consumed (diet composi-

Fig. 1 Baseline levels of corticosterone (means � SE, n) of 4-week-
old Black-legged Kittiwake chicks in relation to daily energy intake
(30, 50, 70 and 100% of the ad libitum) and diet composition [lipid
to protein ratio (LPR): pollock = 0.299, sandlance = 0.813, herr-
ing = 1.47]. All chicks were reared in captivity on the experimentally
controlled diets except wild chicks, which were fed by their parents at
ca. 545 kJ day)1 of sandlance; ``initial'' represents corticosterone
levels of captive chicks prior to the experimental treatments
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tion ´ daily energy intake interaction: F1,19 = 4.67,
P = 0.044; Fig. 1). In particular, baseline corticoster-
one levels were signi®cantly higher among the captive
chicks that were fed 373 kJ day)1 of pollock (low quality
food) compared to those among the chicks fed
373 kJ day)1 of herring (high quality food) (Post Hoc
test: P = 0.013; Fig. 1). However, baseline levels of
corticosterone were statistically indistinguishable among
the captive chicks that were fed 717 kJ day)1 of pollock
or herring (Post Hoc test: P = 0.815; Fig. 1).

Presence of thiamine supplements did not a�ect co-
rticosterone levels. In particular, baseline levels of co-
rticosterone were not signi®cantly di�erent among the
captive chicks fed 373 kJ day)1 of pollock with (in 1997)
and without (in 1996) thiamine supplement
(t11 = 0.952, P = 0.362; Fig. 1).

The experimental treatments did not a�ect baseline
levels of testosterone (Kruskal-Wallis test: H = 8.66,
df = 7, P = 0.278; Fig 2). Regardless of the experi-
mental treatment, plasma levels of testosterone were low
in most of the captive and in all of the wild chicks
(Fig. 2).

Acute stress-induced levels of corticosterone

All captive and free-living chicks responded to an acute
standardized stressor by a rapid increase in secretion of
corticosterone (Figs. 3, 4).

Acute stress-induced levels of corticosterone were
signi®cantly higher among the captive chicks fed
227 kJ day)1 of sandlance compared to those among the
chicks fed 528 kJ day)1 of sandlance (Fig. 3; daily en-
ergy intake e�ect: F1,13 = 34.16, P < 0.001; acute stress
e�ect: F3,39 = 12.1, P < 0.001). The adrenal responses

were statistically indistinguishable among the captive
chicks fed 528 kJ day)1 of sandlance and the wild chicks
fed ca. 545 kJ day)1 of sandlance (Fig. 3; daily energy
intake e�ect: F1,14 = 0.71, P = 0.414; acute stress
e�ect: F3,42 = 12.42, P < 0.001).

The quality of food and daily energy intake signi®-
cantly a�ected adrenal responses of the captive chicks
fed 373 kJ day)1 of pollock or herring compared to
those of chicks fed 717 kJ day)1 of pollock or herring
(quality of food e�ect: F1,18 = 31.53, P < 0.001; daily
energy intake e�ect: F1,18 = 47.0, P < 0.001; Fig. 4).
However, there was a signi®cant interaction between
quality of food and daily energy intake (F1,18 = 11.92,
P = 0.003; Fig. 4). Chicks in all the treatments
responded to a standardized stressor by an increased
secretion of corticosterone (acute stress e�ect: F3,54 =
19.71, P < 0.001), but the adrenal response of the
chicks fed with pollock (poor quality food) was higher
compared to that of chicks fed with herring (high quality

Fig. 2 Baseline levels of testosterone of 4-week-old Black-legged
Kittiwake chicks in relation to daily energy intake (30, 50, 70 and
100% of the ad libitum) and diet composition (LPR: pol-
lock = 0.299, sandlance = 0.813, herring = 1.47). All chicks were
reared in captivity on the experimentally controlled diets except wild
chicks, which were fed by their parents at ca. 545 kJ day)1 of
sandlance. All individual data points are presented; overlapping values
have been jittered for illustrative purposes; sample sizes are as shown
in Fig. 1

Fig. 3 Adrenal response to a standardized handling and restraint
stressor in 4-week-old Black-legged Kittiwake chicks fed sandlance,
LPR = 0.813, (means � SE, sample sizes are as shown in Fig. 1)

Fig. 4 Adrenal response to a standardized handling and restraint
stressor in 4-week-old captive Black-legged Kittiwake chicks fed
pollock (LPR = 0.299) and herring (LPR = 0.813) in 1997 (mean-
s � SE, sample sizes are as shown in Fig. 1, except for the herring
717 kJ day)1 treatment where n = 5)
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food) (quality of food ´ acute stress, interaction term:
F3,54 = 3.154, P = 0.032; Fig. 4).

Acute stress-induced levels of corticosterone were not
signi®cantly di�erent among the captive chicks fed at
373 kJ day)1 of pollock with (in 1998) or without (in
1997) thiamine supplement (thiamine supplement e�ect:
F1,11 = 0.001, P = 0.970; acute stress e�ect:
F3,33 = 13.74, P < 0.001; thiamine supplement ´ acute
stress interaction term: F3,33 = 0.33, P = 0.804).

Body composition and circulating levels
of corticosterone

Among the captive chicks, the baseline and maximal
acute stress-induced levels of corticosterone were sig-
ni®cantly negatively correlated with endogenous energy
reserves stored as body lipids (partial correlation coef-
®cient (PC) = )0.407, F1,43 = 39.71, P < 0.001 and
PC = )0.606, F1,42 = 62.12, P < 0.001 for the base-
line and maximal levels, respectively; Fig. 5). Dry lean
body mass was not signi®cantly correlated either with
baseline levels (PC = 0.045, F1,43 = 0.086, P = 0.770)
or maximal acute stress-induced levels of corticosterone
(PC = )0.03, F1,43 = 0.038, P = 0.847).

Food restricted chicks had lower body mass com-
pared to chicks fed ad libitum (Table 1). However, they
also retained more body water compared to ad libitum-
fed individuals (Fig. 6).

Discussion

In this study we examined hormonal responses of nest-
bound Black-legged Kittiwake chicks to experimental

variations in energy content and quality of their food.
We found that nutritionally stressed chicks had elevated
baseline and acute stress-induced levels of corticosterone
compared to chicks fed ad libitum. An elevation of cir-
culating levels of corticosterone in energetically stressed
individuals was further magni®ed by the low nutritional
quality (LPR) of their food. In particular, diets that were
iso-caloric but di�erent in nutritional quality and given
to chicks at 50% of ad libitum energy intake, resulted in
higher baseline and acute stress-induced levels of co-
rticosterone among chicks raised on the low quality food
(low LPR) compared to those among chicks raised on
the high quality food (high LPR). Finally, we have
shown that baseline and acute stress-induced co-
rticosterone levels of chicks were negatively correlated
with endogenous lipid reserves of these chicks rather
than with their growth rates (as re¯ected in lean dry
body mass of chicks). Variation in the proportion of
high- and low-quality prey species in the diet of Black-
legged Kittiwakes is frequently observed in natural sit-
uations (e.g., Hunt et al. 1996a, b). In contrast, sub-
stantial decreases in chick growth rates are observed
only during severe food shortages (A.S. Kitaysky,
G.L. Hunt, B. Flint, M. Rubega and M.B. Decker,
personal observation; J.F. Piatt personal observation).
We conclude that the physiological condition of Black-
legged Kittiwake chicks can be assessed reliably from
circulating levels of corticosterone.

To the best of our knowledge, this paper represents
the ®rst experimental demonstration of the adrenal re-
sponse of nest-bound (semi-precocial) chicks to a stan-
dardized acute stressor in relation to dietary restrictions.
Among birds that have precocial young, such as the
domestic fowl (Gallus domesticus) and the mallard (Anas
platyrhynchos), the baseline plasma concentration of
corticosterone in chicks fed ad libitum does not change
signi®cantly during the ®rst 4 weeks after hatching (re-
viewed in Holmes et al. 1990). Freeman and co-authors
(1981) found that reducing food intake to 75% of
ad libitum causes an increase in plasma corticosterone

Fig. 5 The relationships between body lipids and baseline (open
symbols, Log10 [CORT] = 1.972 ) 0.407 á Log10 body lipids,
r2 = 0.48, P < 0.001, n = 45) and acute-stress induced maximal
levels (solid symbols, Log10 [CORT] = 3.201 ) 0.606 á Log10 body
lipids, r2 = 0.60, P < 0.001, n = 44) of corticosterone in captive
4-week-old Black-legged Kittiwake chicks

Fig. 6 The relationship between body mass and body H2O in captive
4-week-old Black-legged Kittiwake chicks
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concentration after 1 week of restriction in domestic
fowl chicks. In mallard chicks fed ad libitum, a restraint
for 30 min caused a signi®cant increase in corticosterone
concentration and the adrenal stress response was
stronger in the chicks during ®rst 2 days post-hatch than
between 3 weeks and 4 weeks of post-hatch (Holmes
et al. 1990). Similarly, we did not ®nd a signi®cant
change in baseline levels of corticosterone among Black-
legged Kittiwake chicks fed ad libitum between 2 weeks
and 4 weeks of postnatal life (Fig. 1). Black-legged
Kittiwake chicks responded to a standardized stressor
by increasing the secretion of corticosterone, which was
signi®cantly correlated with their nutritional state (e.g.,
body lipids). Although adrenal responsiveness of pre-
cocial and semi-precocial chicks to environmental
stressors appear to be similar, the behavioral e�ects of
increased secretion of corticosterone might be di�erent
between self-feeding chicks (precocial) and chicks pro-
visioned by parents (semi-precocial; see below).

It is possible that the variations in adrenal response of
Black-legged Kittiwake chicks observed in this study
resulted from conditions of captivity, rather than a
functional response to variations in energy content and
quality of food. However, baseline and acute stress-in-
duced levels were identical among free-living and captive
chicks that were fed at similar rates of energy intake and
with food of similar nutritional quality. In addition,
captive chicks in all treatments were subject to similar
controlled conditions. The only di�erences between
them being the energy content and nutritional quality of
their food. Other studies of adrenal response in young
birds to a standardized acute stressor did not indicate a
habituation of those birds to frequent handling (Free-
man et al. 1981; Dufty and Beltho� 1997; Heath and
Dufty 1998).

In birds, corticosterone is also involved in osmoreg-
ulatory processes (Holmes et al. 1990; Bentley 1998).
Black-legged Kittiwake chicks fed the reduced amounts
of food consequently received reduced amounts of water
and those chicks may have been dehydrated by the end
of the experiment. Salt loading might result in an in-
crease in baseline and acute-stress induced levels of co-
rticosterone in chicks (Holmes et al. 1990). However, we
did not ®nd any indication of dehydration among the
chicks fed restricted amounts of food. Although these
chicks had lower body mass (Table 1) they also retained
more body water compared to ad libitum-fed individuals
(Fig. 6). Thus, it is not likely that the variations in co-
rticosterone secretions resulted from neuroendocrine
regulation of body ¯uids in the experimental Black-leg-
ged Kittiwake chicks.

Because we fed chicks pre-frozen ®sh, they could have
developed a thiamine de®ciency (Geraci 1972). However,
the thiamine supplement did not have a signi®cant e�ect
on circulating levels of corticosterone and we therefore
conclude that feeding chicks with previously frozen ®sh
did not a�ect their adrenocortical activity.

Thus, it is reasonable to conclude that the results of
this study demonstrate di�erences in the functional

responses of Black-legged Kittiwake chicks to variations
in energetic content and nutritional quality of their
food.

In the Black-legged Kittiwake, nest-bound chicks
appeared to have two behavioral options to improve
their nutritional state during food shortages (Braun and
Hunt 1983). First, chicks can modify provisioning be-
havior of their parents by begging more frequently.
Second, chicks can increase energy intake by eliminating
their siblings. Recent studies have shown that increased
concentrations of testosterone in the yolks might facili-
tate future aggressive and begging behaviors of chicks
hatched from those eggs (Schwabl 1996a, b). However, it
is possible that yolk testosterone has a developmental
e�ect on chick growth and metabolic rate (Schwabl
1996a), rather than a regulatory e�ect on begging be-
havior. For example, Nunez-de la Mora and co-authors
(1996) did not ®nd a correlation between testosterone
levels and a dominance status in chicks of the Blue-
footed Booby (Sula nebouxii) exposed to short-term (2
days) food deprivation. In fact, testosterone concentra-
tions were not detected in Blue-footed Booby chicks in
this study at all. Similary, we did not ®nd a signi®cant
relationship between nutritional status and testosterone
concentrations in captive Black-legged Kittiwake chicks
exposed to the long-term nutritional limitations at 30, 50
and 70% of ad libitum food intake. Our results showed
that Black-legged Kittiwake chicks are capable of tes-
tosterone secretion, but this was not correlated with
their nutritional state (Fig. 2). Thus, seabird chicks did
not respond to either short-term (Nunez-de la Mora
et al. 1996) or long-term (this study) food stress by in-
creasing secretion of testosterone. Sibling aggression in
nest may thus be independent of circulating testosterone,
but a possible developmental e�ect of testosterone in
yolk may still apply.

Alternatively, nest-bound seabird chicks increase se-
cretion of corticosterone in response to a depletion of
endogenous energy reserves, and this might be propor-
tionally related to the begging rate of chicks. Nunez-de
la Mora and co-authors (1996) found that in the Blue-
footed Booby, baseline corticosterone levels were twice
as high in beta-chicks than in alpha-chicks after 2 days
of food deprivation. Corticosterone levels returned to
normal after the chicks resumed feeding. Because beta-
chicks are likely to have smaller energy reserves than
alpha-chicks, we expect that they would respond to
fasting with a stronger increase in baseline levels of co-
rticosterone. The results of our study support this hy-
pothesis: corticosterone secretion increases log-linearly
with depletion of endogenous energy reserves (Fig. 5). In
a recent experimental study (A.S. Kitaysky, J.C. Wing-
®eld, J.F. Piatt, personal observation), we showed that
an elevated concentration of corticosterone increases
begging behavior in free-living Black-legged Kittiwake
chicks and that parents respond to the change in their
chicks' begging by providing more food. Therefore,
we conclude that Black-legged Kittiwake chicks ®rst
respond to food deprivation by an increase in
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corticosterone secretion, which is inversely related to
energy reserves. An increase in corticosterone secretion
is then followed by an increase in begging rate and, ®-
nally, followed by an increase in food provisioning of
those chicks by parents. The results of this study also
suggest that if food is in shortage, feeding a chick with
prey that is high in fat content would decrease a co-
rticosterone secretion of that chick and would decrease
its begging rate.

Short-term increases in corticosterone secretion might
improve survival of adult animals during stressful con-
ditions by facilitating foraging behavior, dispersal, and
mobilization of stored energy resources to fuel increased
locomotory activities (Astheimer et al. 1992; Bray 1993;
Wing®eld et al. 1997b). In contrast, chronic elevation of
corticosterone is known to suppress memory and im-
mune systems, promote wasting of muscle tissue, and
cause neuronal cell death (Sapolsky et al. 1986, Sapolsky
1992; also reviewed in Wing®eld 1994). If chronically
elevated, corticosterone may cause similar deleterious
e�ects in juveniles as in adults. In many species of sea-
birds, o�springs are independent of their parents after
¯edging and they must quickly learn to forage after
leaving the nest. Impaired learning ability of chicks
reared on a poor quality diet might therefore a�ect post-
¯edging survival of those chicks. Our study suggests that
the energetic content and nutritional quality of food fed
to chicks are both determinants of physiological stress in
chicks. The long-term e�ects of chronically increased
levels of corticosterone on learning, memory, and
survival of young birds deserve futher investigation.
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